1. Introduction
===============

Intestinal microflora has been recognized as a new endocrine organ, which plays an important role in regulating the metabolic function of host heart by regulating the blood level of bioactive metabolite.^\[[@R1],[@R2]\]^ In recent years, studies have shown that gut microbes may promote the development of various diseases in animal models and patients, including diabetes and cardiovascular diseases.^\[[@R3]\]^ Recent studies by Koeth et al^\[[@R3]\]^ reported that microbial metabolism of dietary choline and phosphatidylcholine are associated with the pathogenesis of CVD (cardiovascular diseases) in both humans and mice. Choline, a compound containing trimethylamine and part of the head group of phosphatidylcholine, is important human nutrients that can be obtained from a variety of foods. Carnitine is also a nutrient, which plays a vital role in fatty acid metabolism. Choline and cartinine can be metabolized to trimethylamine (TMA) by the intestinal flora. TMA is rapidly oxidized by hepatic flavin monooxygenases to form trimethylamine *N*-oxide (TMAO), which is an intestinal dependent metabolite produced by TMA. TMAO is a small organic compound, which some types of foods (such as red meat, fish, poultry, and rays) are important direct sources of TMAO. The relationship between atherosclerosis and TMAO was confirmed by current metabonomics and model animal studies that is associated with cardiovascular risk.^\[[@R4]\]^ Impaired renal function is prevalent in the population.^\[[@R5]--[@R7]\]^ When serum creatinine is used as an indicator of impaired renal function in patients with cardiovascular disease, it was found to be an independent risk factor, which significantly increases morbidity and mortality.^\[[@R8]\]^ Also elevated plasma creatinine levels were correlated with an increased risk of heart attack and ischemic heart disease in patients with renal failure and diabetes.^\[[@R9]\]^

Although the treatment of coronary heart disease (CHD) has made considerable progress, it is still the main cause of mortality worldwide. It is well known that CHDs are associated with risk factors, which including obesity, hypertension, smoking, diabetes, hyperlipidemia, and age. Certain metabolites, such as cysteine, cholesterol, and triglycerides, have been strongly associated with CHD. Some researchers believe that there may be many other dysregulated metabolites that have not yet been described in addition these well-known associations.^\[[@R10]--[@R12]\]^ The rapid development of genomics, proteomics, metabolomics, and lipidomics has promoted many novel molecular biomarkers with potential clinical disease value. Among them, metabolomics, an effective method for detecting broad-spectrum small-molecule metabolites, has been increasingly applied to the studies of CHD, and has found novel metabolic biomarkers and relationship between the pathogenesis of CHD and metabolic.^\[[@R1],[@R13],[@R14]\]^ Previous metabolomics studies concerning CHD have shown that metabolites, such as TMAO and choline, are associated with an advanced cardiometabolic risk profile.^\[[@R15],[@R16]\]^

In this study, in order to examine the plasma metabolomics characteristics of CHD and explore the potential biomarkers metabolism of CHD, we used targeted liquid chromatography coupled with LC-MS metabolomics analyze endogenous metabolites in plasma samples between NCA (without stenosis in coronary arteries) patients and CHD patients. Our findings may identify potential biomarkers for the differential diagnosis of CHD and insights into the underlying metabolic pathways that potentially involved in CHD pathogenesis

2. Methods
==========

2.1. Patient population
-----------------------

The prospective cohort study was based on continuous recruitment of CHD subjects. Plasma samples of 361 subjects who underwent coronary angiography to evaluate CHD at Meizhou People\'s Hospital (Huangtang Hospital), Meizhou Academy of Medical Sciences, Meizhou Hospital Affiliated to Sun Yat-sen University between January 2017 and December 2017 were collected for our study. We excluded participants who had serious physical disease (such as a history of stroke or visceral bleeding disorders; severe liver disease or coagulation abnormalities; peripheral vascular disease, or infective endocarditis; chronic renal failure and chronic inflammatory history; malignant tumors; or any serious disease that might affect short-term prognosis), in comprehensible to the study, incomplete data on lipid files for patients, resulting in a cohort of 361 eligible participants. In addition, mild hypertension can be diagnosed when diastolic blood pressure values of 90 to 105 mm Hg diastolic blood pressure and/or 140 and 180 mm Hg systolic blood pressure are repeatedly measured over a period of at least 4 weeks and during this period without drug intervention.^\[[@R17]\]^ According to the guidelines for the prevention and the treatment of dyslipidemia in China, venous blood sample tests can be diagnosed as hyperlipidemia if they meet one of the following criteria: LDL-C \> 3.64 mmol/L (140 mg/dL), HDL-C \<0.91mmol/L (35 mg/dL), TG \> 1.70 mmol/L (150 mg/dL), TC \> 5.72 mmol/L (220 mg/dL).

To explore alterations in the plasma metabolites that may be associated with CHD, 2 independent case--control groups were constructed based on strict coronary angiographic evidence: one group consisted of 302 CHD subjects (at least 1 major coronary artery with ≥50% stenosis), and one group consisted of 59 NCA (without stenosis in coronary arteries). Coronary heart disease is divided into acute myocardial infarction (AMI), unstable angina pectoris (UA) or stable angina (SA) according to the severity of the disease.

A total of 361 CHD patients at Meizhou People\'s Hospital (Huangtang Hospital), Meizhou Academy of Medical Sciences, Meizhou Hospital Affiliated to Sun Yat-sen University, were eligible for this study. The present study was performed in accordance with the ethics standards laid down in the updated version of the 1964 Declaration of Helsinki and was approved by the Ethics Committees of Meizhou People\'s Hospital (Huangtang Hospital), Meizhou Academy of Medical Sciences, Meizhou Hospital Affiliated to Sun Yat-sen University, Guangdong province, China. All patients had signed informed consent.

2.2. Preparation of standards, internal standards, and quality control samples
------------------------------------------------------------------------------

To find the linear range, LOD and lower LOQ (LLOQ), standards of 7 different concentrations were made ranging over 3 orders of magnitude. The highest concentration calibration standard was first prepared in acetonitrile containing 1% formic acid (at a final concentration of 40 μM for choline, 1 μM for TMAO, and 20 μM for creatinine, 20 μM for L-carnitine). The remaining calibration standards were then prepared by twice or 2 point fivefold serial dilution of the highest concentration standard. Accurately weigh the appropriate amount of choline, betaine, TMAO, creatinine, and L-carnitine standards, and the internal standard working solution was prepared by mixing 4 standards into acetonitrile with 1% formic acid to final concentrations of 0.5, 0.25, 50, and 1 μg/mL for choline-d9, TMAO-d9, and creatinine-d3, L-carnitine-d3, respectively. Finally, it was stored at --20°C in small aliquots.

Three concentration levels of quality control (QC) samples were prepared by spiking pooled 20 μl human plasma sample with stock solutions of choline, TMAO, creatinine and L-carnitine to low (LQC; the pooled plasma spiked with 0.8 μM of choline, 20 ng/mL of TMAO, 400 ng/mL of creatinine, and 400 ng/mL of L-carnitine), medium (MQC; the pooled plasma spiked with 4 μM M of choline, 100 ng/mL of TMAO, 2000 ng/mL of creatinine, and 2000 ng/mL of L-carnitine) and high (HQC; the pooled plasma spiked with 20 μM of choline, 500 ng/mL of TMAO, 10000 ng/mL of creatinine, and 10000 ng/mL of L-carnitine). The QC samples were then divided into polypropylene tubes and stored in the freezer at −80°C. These quality control samples were used for method validation.^\[[@R18],[@R19]\]^

2.3. Serum collection and preparation
-------------------------------------

Nonfasting plasma samples were collected in sterile EDTA containers (BD Microtainer) before the coronary angiography and stored at 4°C, and then centrifuged a 2300×*g* for 10 minutes. The supernatants plasma was stored at −80°C. Before the metabonomics analysis, plasma samples were thawed at 4°C on the ice. Around 20 μL of each sample or standard solution were precipitated by adding 10 μl internal standard solution, then add 750 μL of 1% formic acid-acetonitrile solution. The samples were thoroughly mixed and centrifuged for 10 minutes at 12000 rpm, and the supernatants were subjected to LC/MS analysis.

2.4. Metabolomic analysis by LC/MS
----------------------------------

The plasma samples were randomly injected for LC/MS analysis in both the electrospray positive and positive ionization mode. The plasma samples concentrations of TMAO, choline, creatinine, and cartinine were quantified by using Acquity UPLC system (Waters Corporation; Milford, MA), coupled with online electrospray ionization tandem mass spectrometry (AB 4000 Triple Quadrupole Mass Spectrometer (AB 4000). Chromatographic separation was achieved using an ACQUITY UPLC BEH C18 (100 × 2.1 mm, 1.7 μm, Waters) column maintained at 40°C with an injection velum of 5 μL. The auto-sampler temperature was maintained at 4°C. Solvents were delivered at a flow rate 0.4 mL/min, using water (solvent A) and acetonitrile (solvent B) both containing 0.1% formic acid. The elution conditions were 0 to 1 minute, 80% A; 1 to 2 minutes, 80 to 70% A; 2 to 2.5 minutes, 70% A; 2.5 to 3 minutes, 70 to 50% 3.5 to 4 minutes, 50 to 80% A; 4 to 6 minutes, 80% A.

2.5. Method validation
----------------------

Four analysis runs were performed on different days (day 1, day 2, day 3, and day 4) to assess accuracy. Calibration standards are repeated at the beginning and end of each batch. The linearity of each substance is good in the range of concentration. The intra-day and inter-day precision are \<15%, the recovery is between 85% and 115%, and the stability deviation is within ±15%. The method meets the requirements of sample analysis.

2.6. Statistical analysis
-------------------------

Statistical analysis of the data was performed by using SPSS 21.0 software (SPSS, Inc., Chicago, IL). Categorical variables were analyzed using chi-square test and continuous variables were tested by Kruskal--Wallis test or one-way ANOVA. Receiver operating characteristic curve^\[[@R20]\]^ analysis was used to determine the clinical utility of each metabolite. A probability value of *P \< *.05 was considered significant for this study.

3. Results
==========

3.1. Patient characteristics in CHD cohorts
-------------------------------------------

A total of 361 subjects were recruited in our study cohort (59 subjects in the NCA group and 302 patients in the CHD group), which 140 patients were excluded with unavailable diagnostic data in Figure [1](#F1){ref-type="fig"}. Table [1](#T1){ref-type="table"} shows the baseline features of 361 participants. The average age of CHD patients was 65.86 ± 10.71 years and that of NCA subjects were 61.20 ± 8.98 years. Additionally, 78.4% of patients were males. In our study cohort, compare with NCA group, CHD subjects were more likely to be older, with more history of diabetes mellitus, smoker, prior history of CAD, drinking, hypertension, hyperlipidemia and significantly increased levels of TG (*P \< *.038), HDL (*P \< *.001).

![Comparisons in choline, TMAO, creatinine and cartinine levels between individuals with coronary heart disease (n = 302) and NCA (n = 59) for (A), (B), (C), (D), ^∗∗^*P* \< .01. NCA = normal coronary artery, TMAO = trimetlylamine oxide.](medi-98-e14309-g001){#F1}
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3.2. Analysis of metabolomics characteristics of plasma samples between NCA subjects and CHD patients
-----------------------------------------------------------------------------------------------------

We firstly performed a cross-sectional comparison of the concentrations of the 4 metabolites in the NCA and ACS groups, respectively. The results shown that the plasma concentrations for TMAO, choline, creanitine, and cartinine were each significantly higher in patients with CHD compared to the NCA cohort (Fig. [1](#F1){ref-type="fig"}). Further, to determine metabolomics characteristics for CHD patients with different disease severity, we divided CHD patients into three groups which including SA, UA, and AMI group. We observed that the concentration of the 4 metabolites were higher than that of the NCA group in any 3 groups (Fig. [2](#F2){ref-type="fig"}). These results demonstrated the existence of different plasma metabolites signatures between NCA subjects and CHD patients. The above results are consistent with those observed of other researchers.

![Choline, TMAO, creatinine and cartinine levels in different groups. (A) Comparison between NCA group and SA, UA, AMI groups for choline, respectively, ^∗^*P* \< .05, ^*∗∗*^*P* \< .01, ^\#^*P* \< .05, ^\#\#^*P* \< .01, ^*&*^*P* \< .01, ^*&&*^*P* \< .01. (B) Comparison between NCA group and SA, UA, AMI groups for TMAO, respectively, ^\#^*P* \< .05, ^\#\#^*P* \< .01, ^*&*^*P* \< .01,^*&&*^*P* \< .01. (C) For creatinine, comparison between NCA group and SA, UA, AMI groups for TMAO, respectively, ^∗∗^*P* \< .01, ^\#\#^*P* \< .01,^*&&*^*P* \< .01.(D) There have no significantly difference between NCA group and SA, UA, AMI groups for carnitine, respectively. AMI = acute myocardial infarction, NCA = normal coronary artery, SA = stable angina, TMAO = trimetlylamine oxide, UA = unstable angina.](medi-98-e14309-g003){#F2}

3.3. Diagnostic accuracy of the differential metabolite
-------------------------------------------------------

To test the clinical diagnostic of differential metabolite, ROC curve of the NCA subjects and CHD patients were performed. For choline and creatinine, the AUCs ranged from 0.720 to 0.733 (Fig. [2](#F2){ref-type="fig"}A and C). For TMAO and carnitine, The AUCs ranged from 0.568--0.600 (Fig. [2](#F2){ref-type="fig"}B and D). However, these metabolites only moderate difference between NCA patients and CHD patients with an AUC range from 0.568 to 0.733, as shown in Figure [3](#F3){ref-type="fig"}.

![Receiver operating characteristics (ROC) curve model of metabolites to discriminate CHD patients from NCA subjects. (A: choline; B: TMAO; C: creatinine; D: carnitine).](medi-98-e14309-g004){#F3}

4. Discussion
=============

CHD, one of the leading causes of death in the world, is a complex metabolic disorder due to genetic and environmental interactions.^\[[@R21]--[@R23]\]^ Metabolomics, a powerful technical system that studies the entire metabolic pathway of a particular biological system. This technology has been increasingly used to identify metabolic biomarkers and improve clinical diagnosis and treatment of diseases.^\[[@R24],[@R25]\]^ Recent studies have shown that changes in metabolites reflect the onset and progression of CHD.^\[[@R13],[@R26]\]^ Some metabolic biomarkers identified by metabolomics have the potential to provide diagnostic and predictive value for CHD.^\[[@R25],[@R27]--[@R30]\]^ However, a large number of validations are still required before these putative "biomarkers" are used in the diagnosis of CHD due to the in-depth study of the mechanism of targeted metabolomics.^\[[@R31]\]^

In this study, we performed a targeted metabolomics assessment of plasma from CHD patients and NCA and identified metabolic features from these 2 sets of metabolites. The plasma concentrations for TMAO, choline, creatinine, and cartinine were each significantly higher in patients with CHD compared to the NCA cohort. These results were consistent with the current clinical metabolomics. Then, we performed ROC curve analysis on the 4 metabolites. Surprisingly, choline and creatinine metabolite concentrations can be significantly discrimination between CHD and NCA, suggesting that it may become biomarkers of CHD in future clinical studies.

Choline is a component of phosphatidylcholine, which is very important to the structural integrity of cell membrane, the synthesis of acetylcholine, the signaling of cell membrane, and the metabolism of methyl group.^\[[@R32]\]^ The last function occurs through betaine, which is a choline metabolite. To our knowledge, plasma choline has not previously been explored as predictors of CHD or all-cause mortality in CHD patients. While Wang et al^\[[@R1]\]^ reported the relationship between high-dose dietary choline and increased atherosclerotic plaque formation in mice, possibly due to increased TMAO production. Every year, about 20 million patients are affected by sudden fatal or nonfatal cardiac events (ACS or CHD, including AMI and/or sudden cardiac death) and plaque vulnerability is a major underlying pathology.^\[[@R33]\]^ Danne and Möckel^\[[@R33]\]^ found that elevated choline in whole blood and plasma was associated with plaque instability in acute coronary syndrome. A very interesting imaging study suggests that choline may become a comprehensive biomarker of atherosclerotic plaque vulnerability. Meanwhile, other investigators have also found that choline may be useful for early risk stratification in patients with ACS, especially when troponin is negative on admission.^\[[@R34]\]^ In a recent prospective study of patients undergoing selective coronary angiography, the results showed that TMAO plasma levels were associated with major cardiovascular events during a 3-year follow-up;^\[[@R35]\]^ The data of dietary intake or plasma choline levels were not provided. Even 2 large prospective studies in the general population have shown that plasma choline levels are not associated with cardiovascular risk.^\[[@R36]\]^ Therefore, there are some inconsistencies in the literature on the relationship between choline and CVD. However, little studies indicated diagnostic analysis of choline.^\[[@R37]\]^ Our results show ROC curve analysis for CHD demonstrated an AUC of 0.720 (95% CI 0.648--0.792) for choline. Although our study suggests that a single metabolite may not be used as a biomarker to distinguish NCA from CHD, a combination with other clinical biochemical markers may provide clinical value for diagnosis, and we will continue to explore the link between choline and cardiovascular disease on the basis of these results.

Creatinine is a widely used renal function biomarker and is a metabolic waste released by muscle tissue during muscle contraction.^\[[@R9]\]^ Epidemiological studies have shown that elevated creatinine levels are correlated with an increased risk of cardiovascular disease, especially are associated with hypertension and diabetes.^\[[@R38],[@R39]\]^ At present, different survival rates of different creatinine levels are not shown in the general population study. In our results in Table [1](#T1){ref-type="table"}, we can conclude that creatinine was higher in patients with CHD compared to the NCA cohort, which CHD patients have more diabetes and hypertension. Creatinine may contribute to cardiovascular disease by accelerating atherosclerosis through several mechanisms/pathways, which including the extent and number of atherosclerotic lesions increased, increase in number and of low-density lipoprotein particles.^\[[@R40],[@R41]\]^ Furthermore, high levels of plasma creatinine are associated with high triglycerides levels and low HDL cholesterol levels, causing an atherogenic lipid profile.^\[[@R9]\]^ So far, there was a study that confirmed creatinine is a biomarker of increased risk of myocardial infarction, ischemic heart disease, and early death in the general population.^\[[@R9]\]^ Therefore, we explore whether creatinine can be used as a marker for CHD. Our results show ROC curve analysis for CHD demonstrated an AUC of 0.773 (95% CI 0.648--0.792) for creatinine, which may provide new pathways for clinical diagnosis.

Many studies have shown that TMAO is a strong predictor of the risk of coronary artery disease, and then animal studies reveal the causal relationship between TMAO and atherosclerosis. However, group differentiation was poor although TMAO and carnitine were significantly higher in patients with CHD according to these abnormal metabolites.

Some of the limitations of our study are worth mentioning. Firstly, we enrolled patients based on clinical diagnosis, however, the number of patients enrolled in the study was relatively small due to limited funding, and patients of follow-up study is ongoing. Secondly, these metabolites were only tested at one time point, we are unable to assess the prognostic role of metabolites in CHD patients over time. Finally, our results are based on the Hakka population, which may not apply to individuals of different demographics.

5. Conclusion
=============

We have identified metabolites in the NCA and CHD groups using targeted LC-MS metabolomic analysis. Significant differences in metabolites may be involved in the occurrence and development of atherosclerosis in CHD patients. ROC curve analysis shows that choline and creatinine may yield novel predictive biomarkers that will potentially provide value for clinical diagnosis of CHD. However, these results are preliminary studies that require further confirmation of the results and clarify their specific mechanisms in CHD.
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